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INTRODUCTION

Coal liquefaction by donor solvent processes (DSP) has beeg
studied over the years by many people throughout the world. (1-6
However, lignite liquefaction by DSP was less intensively studied. We
were interested in determining how the properties of donor solvents
related to lignite liquefaction, particularly with lignites and under
low pressure liquefaction conditionms.

Our approach was to synthesize a series of donor solvents
with different properties by catalytically hydrotreating anthracene
0il under various conditions. These solvents were tested for lignite
liquefaction under a standard set of conditions. The Iiquefaction
conditions we used were similar to those used by the Natjonal Coal
Board in their Liquid Solvent Extraction (LSE) process.{(7,8) The
criteria used for determining the effectiveness of the donor solvents
were lignite conversion and filtrate to filter cake ratio. We have
tried to correlate these two criteria with the properties of the donor
solvent. These properties include total hydrogen content, aromatic
content, donatable hydrogen, and molecular weight of the solvent.

We also have studied the effects of other reaction
parameters, such as solvent to lignite ratio and the difference
between the nominal and real solvent to lignite ratio.

EXPERIMENTAL
A. Chemicals

Anthracene o0il was purchased from Crowley Chemical Co. The
pure grade tetralin was commercially available from Fischer Scien-
tific. The two lignites used in these experiments were from the Gulf
Coast, and their properties are given in Table 1.

B. Apparatus

The reactors used for the solvent/coal ratio studies are
better known as ''Tubing Bomb" reactors. They were made of 316 stain-
less steel tubing (3/4" OD, 0.63" ID, 5" long). Both ends were closed
with Swagelok caps. A tee was welded at the center of the reactor to
accommodate the gas charge port, valve, and pressure transducer. The
design is shown in Figure 1. The reactor volume is roughly 23 ml (and
has a maximum working pressure of 4400 psig at 5389C).
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The reactor used for the solvent quality studies was a 1-
liter Magnedrive autoclave from Autoclave Engineers, Inc.

The hydrotreating unit for preparing anthracene oil donor
solvents is a continuous feed unit. It has a 300 cc trickle bed reac-
tor. The reactor is filled first with 100 cc of inerts (ceramic
beads), then 100 cc 1/16" extrudates Ni-Mo/Al,03 catalyst from United
Catalysts, and finally the remaining 100 cc with inerts again. The
arrangement is shown in Figure 2.

C. Experimental Procedure

Experiments for solvent quality studies were carried out
with a 1-liter autoclave. For the solvent to lignite ratio studies,
the tubing bomb reactors were used.

For a typical solvent quality study experiment, 300 g of
hydrotreated anthracene oil and 200 g of lignite A (dried, 40 mesh-)
were placed in the reactor. The reactor was pressure tested for leaks
at 1000 psig with nitrogen. The nitrogen gas was released to atmo-
spheric pressure before starting the heating.

While stirring at 1000 rpm, the reactor was heated slowly
(about 90 minutes) to 400°C and was kept at this temperature for one
hour. The maximum pressure for these runs was about 600-800 psig.
After reaction, the reactor was cooled quickly with cold water (the
reactor is equipped with an internal cooling coil). The reaction mix-
ture (liquid and solid) was transferred and filtered through a 15 cm
diameter Whitman #4 paper filter. The filter funnel was heated with
steam during filtration. The filtration was stopped when there was no
obvious liquid left in the filter funnel. The filter cake was then
mixed with 300 ml of quinoline. The mixture was stirred for 30 mi-
nutes and then filtered as above, except no steam was used. The fil-
ter cake was washed with 100 ml of quinoline and then it (the quino-
line insolubles) was dried overnight in a vacuum oven at 1109C. The
quinoline conversion was calculated as shown below:

Quinoline Conversion % = 100% - % quinoline insoluble (ash free)
The quinoline conversion includes the gas yield.

For the solvent ratio studies, 2 grams of dried 40 mesh-
lignite B was placed in the tubing bomb along with the appropriate
amount of tetralin (2, 4, 6, or 8 grams). For the reactor loading
studies, the solvent to lignite ratio was constant at 2, but the total
amount of the mixture varied (5.5, 6.6, 8.8, and 12.1 grams).

For each test, the experiment was duplicated. The results
reported are averaged values. For a typical run with tubing bomb
reactors, 4 reactors were secured on a rack which was then lowered
into the preheated (4100C) fluidized sand bath. After shaking the
reactor at 180 rpm for one hour, the reactors were lifted from the
sand bath and quickly quenched with cold water. The reactors were
then depressurized. The gas mixture was not analyzed. The reaction
mixture (liquid and solid) was diluted with 50 ml of cyclohexane and
stirred for 30 ninutes. The mixture was then filtered with a medium

392

[P .




IR T Ty —— ————

fritted glass funnel. The filter cake was washed with 20 ml of cyclo-
hexane and then was dried overnight in a vacuum oven at 1100C. The
cyclohexane insoluble filter cake was used to calculate the cyclo-
bhexane conversion, as was done for the quinoline conversion.

For tetrahydrofuran (THF) conversions, the cyclohexane in-
soluble was further mixed with 50 ml of tetrahydrofuran, stirred, fil-
tered, washed, and dried in the same manner as described above. The
THF conversions were calculated similarly. Again, all these conver-
sions (quinoline, cyclohexane, and THF) include the gas yields.

The donatable and aromatic hydrogens were measured by proton
NMR.

RESULTS AND DISCUSSION

A total of 15 donor solvents were synthesized by catalytic
hydrotreating of anthracene oil at various. conditions. Their proper-
ties are listed in Table 2. These solvents were tested as lignite
liquefaction solvents under low pressure with no added molecular
hydrogen during liquefaction. The reaction pressure varied from 600-
800 psig because of the difference in vapor pressure of the solvents
at reaction temperature. The unhydrotreated (raw) anthracene_oil was
also used for comparison purposes. We analyzed our results in rela-
tion to the individual properties of the solvent, such as total hydro-
gen content, aromatic hydrogen content, donatable hydrogen, and
average molecular weight. In reality, probably each of the above

rties contributes to a different degree in each solvent. This
Eﬁgp%xp ain some of the scatter in the data. The results and discus-

sions will be grouped under the solvent properties mentioned above.
We will also discuss the difference between the real and nominal sol-
vent to lignite ratio effect in lignite liquefaction.

A. Rffect of Total Hydrogen Content

We tried to correlate the total hydrogen content of the six-
teen solvents (15 prepared from hydrotreating anthracene oil and one
from the raw anthracene o0il) with the lignite liquefaction conversions
(quinoline conversions). The results are shown in Figure 3. The low-
est conversion (71%) is associated with lowest total hydrogen content
of 6.5%. As the total hydrogen is increased slightly to 7.22%, the
conversion improves significantly from 71 to 89%. With further in-
creases in total hydrogen content, the conversion only increases
slightly and levels off at ahout 98%, when the total hydrogen content
is about 8-9%. When the total hydrogen is again increased further to
the neighborhood of 10%, the conversions decrease to the low 90's.
The optimum total hydrogen seems to be in the area of 8 to 9%.

B. Effect of Aromatic Hydrogen

The lignite liquefaction conversion (quinoline) is plotted
versus the aromatic hydrogen content (Figure 4),. The effect of
aromatic hydrogen on lignite liquefaction conversion is very similar
to that of total hydrogen content. The low conversions are found on
the two extreme ends of the aromatic hydrogem content scale. For
example, the low conversions of 71 and 91% are found with the highest
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aromatic hydrogen content of 4.6% and the lowest aromatic content of
1.85%, respectively. The maximum conversion is located in the middle
of the aromatic hydrogen content scale (about 3%). In other words, a
good process solvent shouldn't be either too saturated or too
aromatic.

C. Effect of Donatable Hydrogen

The general definition of donatable hydrogen is that hydro-
gen of any molecule that carn be donated to the coal molecules or radi-
cals during liquefaction reactions. We have tried to find quantita-
tively how much of this type of hydrogen in the solvent is necessary
for high conversion. We tried to determine the value of potentially
donatable hydrogen (hydrogen a to the aromatic ring) by proton NMR.
The values are expressed in terms of absolute weight percent of the
hydrogen in the solvent that are potentially donatable. These re-
ported values may not be the same amount of actual donatable hydrogen
that 1is required or consumed during liquefaction reactions. The
donatable hydrogen from our solvents ranges from 1.43 to 2.76 wt %.
These values are plotted against their corresponding conversion values
(Figure 5). The raw anthracene o0il has a very small amount of
donatable hydrogen (1.43 wt %) and, as expected , gives a correspond-
ingly low conversion value of 71%. Overall, the conversion values
seem to increase with the increase in the amount of donatable hydro-
gen. There is no maximum point found in this curve as was found with
the other two (total and aromatic hydrogen curves, Figures 3 and 4).
In other words, over the range studied there is no limit; the more,
the better.

D. Effect of Total Hydrogen on Filtrate Yield

A liquefaction process may include filtration as a solid/
liquid separation step. We were interested to see if the solvent
properties that enhance high conversion also enhance high yield of
filtrate. It is possible that a good donor solvent may not be a good
solvent for dissolving liquefied lignite products. High yield of fil-
trate may be just as important as high quinoline or cyclohexane con-
versions, because in a commercial process the use of an extraction
solvent, such as quinolire, would be prohibitively expensive.

The reaction mixture, after having cooled to ambient tem-
perature, was filtered. The weight ratio of the filtrate to the fil-
ter cake 1s plotted against the total hydrogen content of the solvent
(Figure 6). This plot produces a curve which is similar to that of
conversion vs total hydrogen. The maximum occurs at 8 to 9% of total
hydrogen content. The maximum quinoline conversions also occur in
this region. This suggests that the best donor solvent produces the
highest conversion and also produces the highest filtrate to filter
cake weight ratio, or the highest liquid product yield.

E. Effect of Molecular Weight

The average molecular weight of the 16 solvents studied ran-
ges from 160 to 260. The conversion data are somewhat scattered
(Table 2). However, the solvents that have high conversions (97%t+)
seem to have a higher molecular weight (200+). On the other hand, the
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solvents with low conversion seem to associate with lower molecular
weights. The reason for this will be explained in our solvent to lig-
nite ratio studies.

F. Effect of Solvent to Lignite Ratio

For the study of solvent to coal ratio effect, we used THF
and cyclohexane conversions. For example, THF conversion is the yield
of gases and THF soluble lignite products. The results are illus-
trated in Figures 7 and 8. The data suggest that there is a dif-
ference between nominal and real solvent to 1lignite ratio. The
nominal ratio is defined as the weight of the solvent divided by the
welght of lignite charged to the reactor. The real ratio is defined
as the calculated weight of the solvent in the liquid state at reac-—
tion temperature divided by the weight of the lignite charged into the
reactor. The real ratio is considerably smaller than the nominal ra-
tio because a considerable amount of the solvent is vaporized at reac-
tion temperature of 410°C.

The conversion results (cyclohexane) are plotted against the
nominal weight ratio (open triangle) and real weight ratio (filled
squares). The difference is that the conversion won't start leveling
off until after 3/1 for the nominal and 1.5/1 for the real ratio.
Thus, for the higher molecular weight solvent, less starting solvent
is needed for the equivalent conversion.

The experiment with nominal solvent to lignite ratio of 2/1
was repeated with 1000 psig of hydrogen in one run and nitrogen in the
other. The conversion (cyclohexane) is increased from 33% (nominal
ratio) to 62%, and there is no difference in conversion found between
the run with hydrogen and nitrogen. This suggests that the difference
in conversion is due to the pressure effect. That is, the presence of
the high pressure of hydrogen or nitrogen suppresses the vaporization
of the solvent. Thus, it is the liquid solvent that is important for
promoting high conversion.

The fact that the solvent has to be in a liquid state for
optimum conversion is again demonstrated in another set of experi-
ments. In this series of experiments, the solvent to lignite ratio is
held constant at 2. The percent of the reactor volume being filled
with the solvent and lignite mixture varied from 25, 30, 40, and 55
volume %. The conversions, both cyclohexane and THF, are plotted
against the volume % of reactor filled with slurry as shown in Figure
8. The conversion results show that the conversion increases dramati-
cally with the increase in the reactor volume usage of 30 to 40%.
From 40 to 50% only a slight increase is found. This means the dif-
ference between nominal and real solvent (tetralin) to lignite ratio
is small once the reactor is more than 40% full.

To sum up, from our solvent property studies, the ideal sol-
vent should not be too aromatic or too saturated. The presence of an
aromatic group and saturated group in the same solvent molecule (such
as hydroaromatics) is necessary to provide a source of donatable
hydrogen. For our particular solvent system (derived from anthracene
0il), the optimum solvent should have about 3% aromatic hydrogen, a
total hydrogen content of 8 to 9%, some donatable hydrogen (2.5%), and
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a high boiling range. From our solvent ratio studies, a solvent in a
liquid phase is important for promoting high liquefaction conversion,
and the solvent to lignite ratio should be in the neighborhood of 2
for high conversion.

CONCLUSIONS

The results from solvent property correlation studies sug-
gest that the optimum lignite liquefaction solvent should have the
following characteristics:

1. Some aromatic groups (3% aromatic hydrogen content),

2. Total hydrogen content of 8-9%,

3. Some donatable hydrogen (2.5%),

4. And a2 high boiling point range (preferably 500-1000°F),.

The results from solvent to lignite ratio studies have sug-
gested that only the solvent in the liquid phase is important for pro-
moting high conversion in these high temperature reactions. The opti-
mum solvent to lignite ratio is in the neighborhood of 2. These re-
quirements for high liquefaction conversion are probably more demand-
ing for our system than any other processes because all the required
hydrogen for stabilizing the lignite liquefaction products come from
the starting solvent. We don't add molecular hydrogen to our system;
thus, hydrogen shuttling through the solvent system is insignificant.

References

1. Curran, G. P., Struck, R. T., and Gorin, E., Am. Chem., Soc. Div.
Petrol. Chem. Preprints 10 (2) C-130-148, (1966).

2. VWhitehurst, D. D., Mitchell, T. O., and Farcasiu, M., '"Coal
Liquefaction', Academic Press, New York, 1980, p. 274.

3. Masato, Aiura, Fuel 63, 1138 (1984).
4. Neavel, R. C., Fuel 55, 237 (1976).

5. Ruberts, R. G., Cronaur, D. C., Jewell, D. M. and Shesadri, K. S.,
Fuel 56, 25 (1977).

6. Maa, P, S., Trachte, K. L., and Williams, R. D., 1981, Annual
Meeting of the Am. Chem. Soc., Aug., New York, NY,.

7. Kimber, G. M., 13th Biennial Conference on Carbon, August 1977,
Irvine, California.

8. Clark, J. W. and Rantell, T. D,, Fuel 59, 35 (1980),.

396

[ .= .

e R —— -




Hoisture (%) Ash Recetved

Ash
Volatiles
Fixed Carbon

Ultimate, %, Dry Basi

Carhon
Hydrogen
Nitrogen
Sulfur
Ash
Oxygen
H/C

Btu/1b, Dry Basis (ca

Proximate, %, Dry Basis

s

lc.)

Dopor Solvent Characteristics

Table 1

Lignite Charactertstics

Gulf Coast Lignite

31.69

15.77
54.69
29.54

59.21
5.53
0.55
2.91

15.77

16.03
1.12

10988

Table 2

Solvent
No. R
1° 6.5
2 7.22
3 10.26
4q 7.13
5 9.84
6 9.9
7 7.84
8 9.99
9 9.95
10 9.9
11 8.19
12 10.08
13 9.05
14 B8.35
15 8.11
16 8.93

Solvent Characteristicsl
a{%)  Hy(®2

4.6

4.08
1.85
2.85
2.36
2.28
2.63
2.20
2.19
2.19
2.67
2.12
2.79
2.72
3.08
2.98

Mt
1.43 173
1.92 174
2.05 157
2.35 157
2.46 169
2.38 166
2.43 181
2.20 164
2.49 168
2.39 166
2.46 169
2.32 166
2.43 196
2.34 252
2.43 204
2.76 260

22.4

11.5
45.
44.

-d

ONMmMAA
[ XL ETRCRI NN

11.

17.
.84
10964
Conversions 2

lﬂt, total hydrogen conteat; H,, aromatic hydrogen; Hgq, donatable
hydrogen determined by proton NMR.

2conpversion is the sum of gas yield and quinoline soluble, on maf

basis.

*Raw anthracene oil

T
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